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FOREWORD 
This document presents the assessment of technology available for gears for use in an 
advanced Orbital Transfer Vehicle (OTV) rocket engine and the design of a cryogenic adapted 
tester for use in evaluating advanced gears. The work was conducted by 
Pratt & Whitney/Government Products Division (P&W/GPD) of the United Technologies 
Corporation (UTC) for the National Aeronautics and Space Administration - Lewis Research 
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SECTION I 
INTRODUCTION 
Very little material is available regarding high speed, high load gears for cryogenic service, 
which have no permanent, conventional lubrication system. The information that does exist 
concludes that the materials and lubricants currently used in the RLlO turbomachinery are the 
optimum of those evaluated. 
The RLlO engine is the only system with applicable hardware available for review. The 
advanced engine requirements were developed for a 15K thrust Orbit Transfer Vehicle (OTV) 
engine and refined for the current 7.5K thrust O W  engine concept. This engine is shown 
schematically in Figure 1. 
Advanced rocket engine gear systems require operational load conditions and rotational 
speeds that are beyond current experience levels. Therefore, the successful design of gears to 
meet advanced requirements necessitates a high speed cryogenic adapted rig tester system which 
will allow for experimental evaluation of gear performance. 
The work to advance gear technology under this task consisted of a technology assessment 
and requirements definition followed by the design of a self-contained portable cryogenic adapted 
gear test rig system. The rig may be used to test spur or helical gears, in various cryogenic media, 
at pitchline velocities up to 28,275 feet per minute. 
Based on review of the RLlO gear system, tooth wear appears to be the primary parameter 
determining gear life. A number of computer programs and methods which would relate the 
mechanisms of gear deterioration have been reviewed. It is recommended that the acquisition of 
several thermal and dynamic response models be further investigated and that these models be 
used in conjunction with the rig evaluation of candidate designs. 
The two primary means of providing more durable gears are increased hardness and 
optimized tooth geometry. Several hardening processes which achieve hardness values well in 
excess of those obtained by carburizing or nitriding are being evaluated. The gear test rig will be 
used to evaluate this and other processes along with geometry modifications. Processes such as 
coating and plating should be considered as secondary solutions, because of the inherent 
problems of spalling and other surface deterioration. Tests from the rig may indicate a need for 
gear tooth cooling or in-service lubrication. The rig has been designed to accommodate such add 
on features. 
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SECTION II 
TECHNOLOGY ASSESSMENT AND REQUIREMENTS DEFINITION 
C 
. 
This study is a part of an exploratory technology program to evaluate materials and designs 
for advanced hydrogen cooled gears to be used in the turbomachinery of the Orbit Transfer 
Vehicle (OW). The study addresses a gear technology assessment and a requirements definition 
as are applicable to the O W  program. The technology assessment effort consists of a literature 
survey, an engine systems review, and an advanced engine requirements review. The require- 
ments definition effort consists of energy mechanism definition, computer modeling to relate 
energy mechanisms, evaluation of the models, and definition of specific requirements for gears. 
A. LITERATURE SURVEY 
The literature survey was conducted to gain a better understanding of the parameters 
affecting gear life, operation, performance, modes of failure and deterioration. The results of the 
survey have been compiled into a technical database. The contents of this database, along with a 
summary of each document contained is defined in Appendix A. 
Very little information was located that addressed gears operating without conventional 
lubrication in a cryogenic environment. One paper was located that included information from 
tests performed on several bearing and gear materials in media including LH,, LN,, and LO,. 
SAE 9310 (AMs 6265) was found to give the best results when tested in LH,. Although the loads 
were considerable, the test speeds were relatively low. 
The majority of the information contained in the database relates to gear design, 
performance and failure, and to studies of wear and friction in cryogenic environments using 
various "dry" lubricants on disk/rider test pieces. 
Although most of this material does not relate directly to high speed, unlubricated hydrogen 
cooled gears, it has been useful in the understanding of basic gear performance and the wear and 
friction of materials in the absence of conventional lubrication. The dry lubricants used were 
laminar solids and polymers. These types of materials do not appear to be suitable for high load 
applications, because of low elastic moduli and bond strength to the base material. 
Several papers which were presented at a recent ASME power transmission and gearing 
conference have been obtained. These relate to calculation of gear tooth flash temperatures and 
evaluation of the dynamic response of gears. This material may prove to be useful in providing a 
more sophisticated analysis of advanced gear systems. 
Since the amount of related material located was very small, the literature survey was 
extended beyond the normal computerized search. Numerous people were contacted both in and 
outside of United Technologies Corporation in the hope that some additional leads could be 
established. These contacts included gear experts, gear manufacturers, authors of gear textbooks, 
and university professors. This endeavor again confirmed thst very little is known about 
cryogenic gears. 
A continuing effort is underway to review technical periodical publications and technical 
society journals for any information which might be related to this gear technology program. 
This effort includes a search for information related to new materials and processes that would 
produce improved gear durability, as well as computer software that would enhance the gear 
design and evaluation process. 
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The engine systems review was directed primarily toward the RLlO since this is the only 
system available with hardware operating at conditions related to the study. 
The first step in this review was to study the wear patterns on some of the RLlO turbopump 
gears. Figure 2 shows an RLlO idler gear as finished and before coating. Figure 3 shows the same 
gear after it has been run in the engine. The amount of run time on the gear is unknown but it is 
expected to be less than one hour. 
FE 358296 
Figure 2. RLlO Idler Gear Before Coating 
FE 232360 
Figure 3. RLlO Idler Gear Wear Patterns 
The typical gear wear pattern was found to be scoring at  the tip, scoring and fine pitting 
between the pitch line and tip area, and deep, smooth wear below the pitch line. This wear 
pattern is illustrated in Figure 3. 
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Figures 4 and 5 show a more detailed description of the wear patterns for a set of RLlO 
turbopump gears. It is not known if the gears observed were run as a set in the engine or what the 
accumulated run time was for the gears. However, this type of wear is typical of that seen in 
various sets of RLlO gears. 
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Figure 4. Detailed &scription of RLlO Turbopump Gear Wear Patterns (View I) 
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Figure 5. Detailed Description of RLlO Turbopump Gear Wear Patterns (View 2) 
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Figure 6 shows the wear pattern for an idler gear that had an accumulated run time of 
69.13 minutes. 
Idler 
2073338 3 1 3 
4 
Pinion Side LOX Pump Side 
1. MoS2 Intact 
2. Deep Wear Over Entire Face - Minor Pitting and Scoring 
3. Even Wear With Very Fine Pitting Over Entire Wear Surface 
4. Deep, srooth Wear on One Side of Face Only 
5. Worn MoS2 
FDA 290225 
Figure 6. Idler Gear Wear Patterns 
The RLlO experience contributed to identifying modes of wear and deterioration, such as 
initial deterioration of dry film lubricant, scoring, scuffing, pitting, and the very deep wear due to 
the rapid relative sliding of the gear teeth. 
A spur gear tooth design and analysis computer program (Reference 1) was used to calculate 
performance parameters of the RLlO turbomachinery gears. These values are summarized in 
Table 1. 
Vibratory stresses have not been addressed in much detail at this time. The gear stress 
program (Reference 1) calculates a dynamic bending stress, but this is based on an assumed tooth 
profile error factor. One method located during the literature search describes a simple model for 
dynamic stress calculation (Reference 2). The method could be computerized easily, but it has 
not been evaluated as of this writing. Another paper (Reference 3) describes an extensive 
computerized method for determining the dynamic response of gears, which could be useful in 
evaluating high speed gears. It is planned that more effort be directed toward vibrations and 
vibratory stresses when the specific requirements of the advanced gears are addressed. 
A hardness check was run on a used gear to determine if excessive heat buildup during 
operation had caused a loss in hardness, The findings were that hardness was to print and there 
was no noticeable evidence of excessive operating temperature. The sample did reveal the heavy 
wear area below the pitch line and its depth was measured at about 0.008 inch, or about half way 
through the case. 
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Table 1. RLlO Turbomachinery Gear Performance Parameters 
- 
RLlO (Baseline) 
Parameter Pinionlldler IdlerILox 
G e a r m  
Gear Material 
Diametral Pitch 
Pressure Angle 
Center Distance (at aesembly) 
Pinion Pitch Diameter 
Gear Pitch Diameter 
Pitch Line Velocity, ft/min 
Contact Ratio 
Environment 
Lubricant 
Maximum rpm 
Max Sliding Velocity, ft/min 
Tangential Tooth had,  Ib/in. 
Dynamic Tooth h d ,  Ib/in. 
Hertz Stress (Steady), pei 
Bending Stress (Steady), psi 
Involute Spur 
AMS 6265 
13.9592 
22.5 
3.4744 
2.0058 
4.943 
17,193 
1.337 
210 to 2 W R  
C~SWUE H2
M e  
32,741 
3,372 
206.4 
1,260.3 
65,541 
8,819 
Involute Spur 
AMS 6265 
13.9592 
22.5 
4.9788 
4.9430 
5.0146 
17,193 
1.331 
210 to 250'R 
G~SOUS H2 
MoS, 
13,097 
1.908 
320.7 
1,490.9 
61,849 
11,398 
Bend& Stress (Dynamic), psi 53,850 52,997 
Computer technology was also used to evaluate the action of the gear teeth during the 
meshing cycle (Figure 7). A CAD model (Reference 10) was generated and plotted 1OX. This 
model was used to view gear teeth in various stages of approach and recess. 
Idler Pinion 
\ 
FDA 295931 
Figure 7. Gear Tooth Mesh Plot 
7 
C. ADVANCED ENGINE REQUIREMENTS REVIEW 
Current OTV gear requirements are based on an earlier 15K OTV design study and a study 
for a scaled down 7.5K design, which is currently underway. The requirements and operating 
conditions as presently defined for the 7.5K OTV fuel pump pinion and main idler gear are listed 
in Table 2. 
c 
Table 2. Fuel Pump Pinion and Main Idler Gear Requirements 
~ ~~~ 
OTV Engine 
Parameter Pinwnltdkr 
Gear Type 
Gear Material AMS 6265 
Diametral Pitch 24.000 
Pressure Angle 22.5 
Center Distance 3.271 
Pinion Pitch Diameter 1 .000 
Gear Pitch Diameter 5.542 
Pitch Line Velocity, ft/min 39,000 
Contact Ftatio 1.423 
Environment 
Lubricant TBD 
Maximum rpm 150,000 (Pinion) 
Max Sliding Velocity, ft/min 8,311 
Tangential Tooth Load, Ib/in. 60 
1 ,m 
Hertz Stress (Steady), psi 45,831 
Bending Stress (Steady), pai 3,039 
Bending Stress (Dynamic), psi 51,185 
Involute Spur or Helical 
50 - 150'R G ~ U S  H, 
Dynamic Tooth Load, lb/in. 
6 1 s  
State-of-the-art literature concludes that the operational limit for spur gears is a pitch line 
velocity of 20,000 feet/minute (Reference 4). Above these speeds, helical gears are recommended. 
Since the pitch line velocity of the OTV gears is double the recommended value, an alternate 
design using helical gears has been considered. A design scheme has been established and some 
preliminary calculations have been made as part of a 7.5K O W  redesign review (Reference 5), 
but a substantial effort is still required to develop a preliminary configuration. 
The advantage of helical gears is that a larger contact ratio can be achieved than with spur 
gears and this promotes smoother operation with less susceptibility to dynamic stresses. On the 
other hand, helical gears have a resultant axial thrust load which can complicate the shaft 
bearing design. This load is not felt to be excessive for the OTV application. 
The decision of which type of gear to use must be based on information obtained from the 
gear test rig. There are a number of options being investigated which may serve to improve the 
operation and life of spur gears. These wiil be discussed in another section of this report. 
The requirements definition effort consists of energy mechanism definition, computer 
modeling to relate anergy mechanisms, evaluation of the models, and definition of specific 
requirements for gears. 
1. Energy Mechanisms 
One of the primary energy producing mechanisms of spur gears is the motion of one tooth 
on another. Observation of the wear pattern of the baseline gears suggests that wear rate could be 
related to sliding velocity of one tooth on the other. Figure 6 illustrates that the maximum wear 
a 
. 
occurs at the location of maximum sliding velocity and minimum contact area. It is suspected 
that this wear is the result of abrasion and adhesion. 
The mechanism of surface wear is rather complicated since it can be dependent on load, 
speed, tooth geometry, and operating environment. Wear occurs by surface abrasion and by 
adhesion due to cold welding. Surface stresses are dependent on direction of sliding and 
coefficient of friction in addition to loading. Also heat buildup due to rubbing could be a 
significant factor. 
Since the power related to tooth motion is a function of load, coefficient of friction and 
sliding/rolling velocity, it is a potential quantity for relating to gear wear. 
The power related to the rolling/sliding of contacting teeth may be expressed by the 
following equation: 
P = FpV = Fp,V, + Fp2V2 where 
F = Load 
Pl - Sliding coefficient of friction 
P2 = Rolling coefficient of friction 
V, = Sliding velocity 
V2 = Rolling velocity. 
The mechanisms of sliding and rolling velocity may be better understood by observing 
Figures 8 through 10. The velocity of a given point on an involute spur gear tooth is related to the 
tooth radius of curvature and rotational speed by V = 2xpN/60. The velocity then varies with the 
radial location on the gear tooth. 
c 
FDA 292051 
Figure 8. Gear Teeth Relation at First Point of Contact in the Approach Cycle 
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Gear 
- V Gear - V Gear - V Pinion 
Recess Cycle 
FDA 292052 
Figure 9. Approach Cycle Velocities of the Gear Tooth and Pinion Tooth 
bl 
FDA 290226 
Figure 10. Relative Tooth Surface Velocities of RLlO Pinion and Idler Gears 
Figure 8 shows the relation of a set of gear teeth at the first point of contact in the approach 
cycle. At any given time the gear and pinion teeth are rolling on each other at the velocity of the 
slower member. The difference in velocities is made up by sliding. 
Figure 9 shows that, during the approach cycle, the velocity of the gear tooth is greater than 
the pinion tooth and, thus, the gear slides on the pinion. In the recess cycle the reverse is true, 
and the pinion slides on the gear. The relative magnitudes of this for the baseline pinion/idler set 
is shown in Figure 10. 
10 
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The preceding relationships were used to arrive at the equation for power dissipated in 
sliding. Whether or not power dissipated during tooth contact is a good indicator of degree of 
gear tooth wear must be determined by the rig testing. 
The heat generated as a result of this power dissipation may be determined from the 
physical size and heat transfer properties of the gear tooth. The ability of the gear tooth to 
dissipate this heat depends also on the heat transfer properties and the elapsed time between 
rubs. One of the biggest unknowns in this process is coefficient of friction which could vary over 
a wide range and for both sliding and rolling. 
Methods for calculating flash temperatures for gear teeth, both with and without coatings, 
are described in two recent ASME papers (References 6 and 7). However, no attempt is made to 
relate these quantities to gear tooth wear. Since the hardness evaluation of an RLlO gear did not 
indicate the presence of excessive heat, it is suggested that efforts be directed toward more urgent 
areas until rig testing indicates a need for technology generation in this area. If it is found that 
gear durability is related to heat generation at the tooth interface, then References 6 and 7 could 
provide some insight into tooth cooling. 
Three of the most important design variables for spur gears are diametral pitch, pressure 
angle, and tooth length. Figures 11 through 13 show the relationship of these design variables to 
various performance parameters. 
25.0 
22.5 
Pressure 
Angle 
20.0 
17.5 
I 0 Contact Ratio 
3 Sliding Velocity Factor 
A Contact Stress 
I 0 Beam Stress 
V 
15.0 I I 
-1 0 0 10 20 30 
Percent Change 
FDA 291588 
Figure 11. Pressure Angle Variations 
Figure 11 shows the effect of variation in pressure angle on contact stress, beam stress, 
sliding velocity, and contact ratio while diametral pitch and tooth length are held constant. In 
Figure 12 the diametral pitch is the variable, and in Figure 13 the tooth length is varied. Pitch 
line velocity is a constant in all three cases. 
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Figure 12. Diametral Pitch Variations 
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Figure 13. Tooth Length Variations 
Several conclusions can be drawn from Figures 11 through 13. Increasing the pressure angle 
reduces relative sliding and both contact and beam stress, which is desirable. Contact ratio, 
however, is also reduced by increasing the pressure angle. This could be detrimental at higher 
speeds because the increased time of single tooth contact would lead to rougher operation and 
higher dynamic stresses. 
Increasing the diametral pitch, which results in a finer tooth, has even more effect on 
sliding velocity than pressure angle. Contact stress is not affected and the effect on contact ratio 
is negligible, but beam stress increases due to reduction in tooth thickness. 
Decreasing the length of the tooth reduces sliding velocity, but also reduces contact ratio. 
Contact stress remains constant but beam stress is increased. . 
L 
. 
If sliding velocity proves to be a dominant factor, it is apparent from these figures that it 
may be reduced by several means. It is poeaible that offsetting factors could occur, however, in 
the form of increased beam stress and reduced contact ratio. Both of these factors could be quite 
detrimental at high speeds where vibrations and fatigue become more of a concern. Again, the 
final validity of such an approach will have to be determined by rig testing. 
2. Compubr Models 
A portion of the gear technology requirements definition is to develop or acquire computer 
programs which will relate the various energy mechanisms. Computer technology has been used 
in this program to evaluate the RLlO gears, to design the baseline test gears, and to design the 
cryogenic adapted gear test rig (References 8 and 9). The current effort, along with some areas 
for future development, may be summarized as follows. 
A CAD gear mesh model was created for the RLlO gear train and was used to 
study the action of the gear teeth during the meshing cycle (Reference 10). A 
portion of this model is shown in Figure 7. 
Computer Program P59704, “Spur Gear and Involute Spline Tooth Design 
and Analysis,” (Reference 1) has been used extensively in the evaluation of 
gear tooth stress and sliding velocity and other performance parameters on 
the RLlO and proposed O W  designs. The program calculates bending and 
contact stress and dynamic strese due to profile error. Also calculated are 
performance parameters, such as contact ratio, sliding velocity, and tooth 
flash temperature. The program will generate mesh plots and information 
for detail drawings including tooth profile modification values. 
The program does not calculate detailed tooth deflection or stresses due to 
rotation, thermals, or vibration. Thitvprogram will continue to be a valuable 
tool, and it is possible that the program could be expanded to calculate gear 
life based on equations developed during the gear technology effort. 
FTDM 427, “Torsional Vibration of Complex Gear Systems,” is a computer- 
ized method of analyzing gear systems for torsional natural frequencies. The 
utility of this program is yet to be established. 
A two-dimensional Nastran model for the analysis of spur gears has been 
built (Reference 11). This program will calculate stresses, loads, and 
deflections due to rotation, thermals, and external loading. The model has 
been checked out for rotation and thermals and found acceptable. A version 
to evaluate various tooth loading conditions has been started but is not 
complete. Additional checkout runs would be necessary to determine how to 
accurately model tooth loads in order to obtain true contact stresses and 
deflections. 
A program of this type could prove quite useful if developed for the analysis 
of high speed, highly stressed gear systems. However, Nastran is not a tool 
13 
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that the casual user can apply without a significant amount of advice and 
assistance from an expert. Also it must be noted that this type of program is 
best used for detailed analysis and is rather cumbersome for preliminary 
design applications. A great deal of effort could be consumed in perfecting 
such a program. It is felt that at the current time efforts would be better 
spent on other phases of the program. 
A method is available which will provide a more accurate analysis of 
dynamic stresses due to tooth profile error and inertials (Reference 2). This 
method compares tooth inaccuracies during the mesh to the sliding 
together/apart of two wedges. This model has not been computerized, but 
could be with a relatively small effort. 
The relationships which relate sliding to power dissipation could be further 
developed to calculate the transient heat transfer response of the gear 
system. Since the power dissipated is a function of both sliding and rolling 
coefficients of friction, there is the possibility for much variation over the 
range of life and operating conditions of a given set of gears. An extensive 
effort could be expended while yielding only limited value results. However, 
no other efforts have been noted which relate sliding and resultant heat rise 
to gear life, so such an endeavor would certainly be in the category of 
advanced technology. 
Two references (6 and 7) have been cited which present methods for 
calculation of gear tooth flash temperatures. One ASME paper (Reference 6 )  
investigates the thermal behavior of gear teeth coated with MoS, and the 
effect of the coating thickness on temperature rise. Another ASME paper 
(Reference 7) describes a method for the calculation of gear tooth transient 
temperatures. The model has been computerized and a printout of the 
program has been obtained. Also, the computer tapes will be copied and the 
program evaluated to determine the feasibility of conversion for in-house 
Use. 
An extensive model for the evaluation of gear dynamic factors is presented in 
the ASME paper, “An Analytical Evaluation of Gear Dynamic Factors 
Based on Rigid Body Dynamics” (Reference 3). The method takes into 
account the specific tooth profile variations and is also capable of evaluating 
the effects of dynamic transmission errors. This method would be a useful 
tool for the evaluation of existing gears, particularly those which would 
operate at extremely high speeds. The model has been computerized, but it is 
not known whether it is available for acquisition. 
A general analysis program for spur and helical gears is commercially 
available and a preliminary review indicates that it could be a valuable tool. 
A request has been submitted to the computing group to purchase the 
program on a trial basis for further evaluation. 
The current recommendation is that the acquisition of the thermal and dynamic response 
models be further investigated. The information provided by these models cannot be used 
efficiently until the gear test rig is in operation. 
14 
3. Evaluation of Computerized Models 
An objective evaluation of the computerized models cannot be made until the gear test rig is 
in operation and has generated data over a variety of operating ranges. There is not enough 
information available for the RLlO gears to provide a basis for evaluation. 
4. Specific Requirements for Rig Test Gears and Advanced Gears 
Requirements for rig test gears for the RLlO baseline tests have been established 
(Reference 12). The test rig is designed to use two equal sized gears on 4.000 inch centers 
(4.000 inch P.D. gears). The test gears were designed to have the same tooth geometry as the 
RLlO pinion and idler gears, except that slight modifications were made to tooth thickness and 
length in order to duplicate the backlash and contact ratio of the RLlO gears during operation. 
The ider gear has a modified tooth profile so one of the test gears was modified to be consistent. 
Since the gears must be the same size, the exact tooth curvature pattern of the pinion/idler 
set cannot be duplicated. It is possible, however, to vary torque and speed so that the same levels 
of contact stress and relative eliding that are experienced by the engine hardware can be 
duplicated. The material for the test gears is AMS 6265, which is the same as for the RLlO gears. 
It is not possible to be specific about individual design variables for the advanced gears until 
the results of the baseline tests are available. The modes of failure and deterioration must be well 
understood before it is practical to investigate the effects of modifications to geometry, new 
coatings/treatments, etc. 
A number of candidate improvements have been reviewed as a part of the analytical portion - 
of this program. Some can be readily eliminated as unsuitable, while others show potential for 
improvement and will probably be tested once the rig test program is underway and the advanced 
gear requirements are better understood. 
Improvements can be classified into the categories of materials, treatments, antifriction 
coatings, and geometry optimization. Treatments include diffusion processes, such as carburiz- 
ing, nitriding, sulfurizing, borofuse, and ion implantation. Antifriction coatings largely consist of 
laminar solids and polymers. 
The baseline material, SAE 9310 (AMS 62651, will be hard to improve on because of the 
high ductility at cryogenic temperatures. Previously, it was stated that 9310 proved to be the best 
choice of several gear materials tested in LH, (Reference 13). The new gear materials, such as 
M-50, CB5 600, and VASCO 350 which were developed for high temperature applications, are 
either very brittle at cryogenic temperatures or no cryogenic data is available. The same is true 
for most other steels which might otherwise be potential candidates. 
Of the processes which involve treatment of the gear teeth to improve wear resistance and 
fatigue, a process known as borofuse appears to have the most merit at this time. The borofuse 
process involves a series of thermal diffusion treatments which result in the formation of boride 
compounds in the metal surfaces. The treated material then exhibits the properties of low surface 
coefficient of friction and high hardness, the hardness values obtained being well above those 
achievable by nitriding or carburizing. The merits of this process are now under investigation. 
Several nitriding processes were reviewed. Although these might provide better wear 
resistance than the current carburizing process, the gain is not of the magnitude expected from 
the borofuse process. Also the case depth of the nitrided area is very small. 
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The process of ion implantation, which can change the surface properties of a material by 
embedding foreign ions, continues to be under investigation. Ion implantation can increase 
surface hardness and resistance to wear, and also produce a lowered coefficient of friction. 
Additional research will determine whether this process can be applied to gear teeth. 
Quite a few processes related to coating or plating, which would lower the gear tooth 
coefficient of friction, were reviewed. Two of these were processes available from General 
Magnaplate, consisted of a lubricant which was infused into an electroplated base material. 
These are NEDOX which is PTFE infused into a nickel alloy and HI-T-LUBE which is MoS, 
bonded by a nickel/silver plating. HI-T-LUBE has shown some good results at cryogenic 
temperatures, but conditions of high sliding velocity and surface stress are conducive to spalling 
or other surface deterioration for any coated or plated material. 
MoS, has shown good results in a number of tests (References 6 and 14) as far as providing 
a low coefficient of friction. However, as with the other candidates in this category, there is a 
problem of adherence. Thick coatings, though providing the most wear resistance, tend to spa11 
from the surface and, according to Reference 2, also contribute to the temperature rise at the 
tooth surface as a result of their thermal characteristics. It is possible that the optimum 
thickness of MoS, might provide additional protection for the gear teeth when combined with a 
wear resistant base. 
Rig testing may establish that it is essential to replenish the dry film lubricant on the gear 
teeth. The test rig is being designed accordingly to permit access to the gear for mounting a 
sacrificial lubricating gear or other means of lubricant transfer. 
A number of reports were reviewed which evaluated polymers as lubricants. PTFE and 
PTFCE provided effective lubrication but were not well matched with the base metal in thermal 
contraction. Also the elastic moduli of the polymers are very low, so they are subjected to cold 
flow, and thus not very suitable for high loads. 
A primary means of providing a more durable gear is to optimize the geometry design 
variables. As has been shown in Figures 10 through 12, adjusting the tooth geometry can have a 
substantial effect on performance parameters, such as sliding velocity, contact stress, beam stress 
and contact ratio. However, not all these factors work to a positive advantage so some 
experimentation in the rig will be necessary in order to determine the optimum variation. Gear 
operating clearance, which may not be the same as gear assembly clearance due to thermals and 
dynamics, could have a significant effect on gear performance parameters. Clearances, which are 
controlled by gear operating center distances, should be given careful consideration. 
Another geometry related option, helical gears, could be advantageous at high speeds. This 
subject was addressed earlier, but it should be noted again that helical gears provide a smoother 
mesh because of their higher contact ratio. In a spur gear design the number of teeth in contact is 
constantly changing from one to LWO as the gear set progresses through the mesh cycle. The 
result is a vibrational excitation due to the uneven tooth deflections caused by the change in 
stiffness of the mesh. The situation is further aggravated by the individual tooth error profile. 
Furthermore the deflections of the teeth would contribute to additional scoring from increased 
tooth tip contact. 
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SECTION 111 
CRYOGENIC ADAPTED RIG TESTER 
A. SUMMARY 
. Advanced rocket engine gear system requirements call for operational load conditions 
and/or rotational speeds that are above the current experience levels. Therefore, the successful 
design of gears required in advanced rocket engines necessitates a high speed cryogenic adapted 
rig tester. Testing is essential to evaluate the effects of high sliding velocities and contact stresses 
on advanced materials, surface treatments, and coatings. Also, rig testing will determine the 
effect of various cooling schemes and any potential dry lubrication schemes that might increase 
gear life and performance. 
The work accomplished under this task creates a design for a self-contained portable 
cryogenic adapted gear test rig system for spur or helical gears. The rig system may be used to 
test gears in various cryogenic media, in this case gaseous hydrogen. The rig is self-contained in 
that it may be operated safely indoors and in the proximity of other equipment and facilities 
when using gaseous hydrogen or other test media which present environmental hazards. To 
accomplish this, the portion of the rig housing the gears is mounted in a containment 
compartment which is vented to the outside atmosphere. Plumbing for the rig is routed through a 
vent stack so that in the event of test media leakage, the gas will escape to the outside 
atmosphere. The rig is entirely portable and it may be driven by any conventional four square 
test rig having the same center distance as the cryogenic rig. The cryogenic rig is supported on a 
pedestal with an adjustable level sliding track which permits adjustment and alignment with the 
drive system. 
The rig is capable of operating at up to 27,000 rpm. (This limit is a result of the current 
drive system.) Since the gears are on a 4.000 inch center distance, the maximum pitchline 
velocity is 28,275 feet per minute. At  the maximum speed the B1 life of the roller bearings is 
135 hours at 500 inch-pounds torque and 19 hours at lo00 inch-pounds, for gears with a 25 degree 
pressure angle. The roller bearings which have lower life are replaceable without disassembly of 
the rig. The rig coolant system is currently designed to provide gaseous hydrogen at 70 psia inside 
the rig with a temperature of 210"R at the exit side. Lower temperatures may be required for 
future programs. 
6. DESIGN RATIONALE 
This system is somewhat different and more extensive than the system described in the 
original gear technology program work plan (FR-17802-2). The original plan was to acquire an 
Erdco Universal Tester and a WADD high speed test head which is similar to the Ryder Gear 
Machine. After investigating the current acquisition terms and technical merit of the system, it 
was determined that the original acquisition plan was no longer feasible technically or 
financially. This can be attributed to several factors. 
The source from which the Erdco gear tester system was to be purchased was no longer 
interested in selling due to increased replacement cost and wrrent usage of the equipment. It was 
stated that the current replacement cost of the WADD head was almost double the price that had 
been previously quoted. The replacement cost of a set of drive shafts alone was quite substantial. 
A review of the technical merit of the WADD test head, based on the Annual Book of 
ASTM Standards (pp. 110-131, 1982) and the log books of the original RLlO gear test program 
done in 1963, was conducted. The review revealed several limitations and potential problem 
areas. Although the ASTM Annual quoted a speed capability of the WADD head of up to 
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30,000 rpm, it could not be established that the equipment under consideration could actually 
meet this requirement. 
Torque loading in the WADD head is achieved by hydraulic pressure exerted against one of 
the shafts, causing it to act like a piston. The pressure causes a relative displacement of the 
helical slave gears and thus “winds in” torque into the four square system. The history of the 
early RLlO gear test program indicated some problems maintaining repeatable torque values. 
This conclusion was a result of strain gaged torque measurements. Certain cases failed to 
indicate torque when pressure was applied. Also difficulty was encountered with high breakaway 
torques and with the ability of the motor to drive the rig. 
Although some of these problems could have been attributed to the cryogenic adapter, they 
would be expected to persist if a similar system were used with a new cryogenic adapter. The 
combination of these undesirable factors supported the feasibility of using a different system. 
A gear vendor was contacted concerning a design for a cryogenic adapted gear rig. Initially 
an interest was indicated, but, after reviewing the requirements, the vendor believed the design to 
be a more difficult and lengthy project than they were willing to pursue. 
At this point an initiative was begun to locate a gear test facility within the corporation that 
might provide support to the cryogenic rig project. It was determined that Sikorsky had a 
5.000 inch gear rig and that Pratt & Whitney Canada (P&WC) had a 4.000 inch gear rig. Not 
much information was obtained about the Sikorsky rig, but P&WC was very cooperative and 
provided some drawings and reports on their rig. The P&WC rig is a modern design capable of 
operating at speeds up to 27,000 rpm. 
After some detailed discussion, it was agreed that the cryogenic adapted rig could be tested 
at  the P&WC facility, using their rig as the drive system, provided that proper safety precautions 
were addressed. Since gaseous hydrogen can be hazardous and the cryogenic gears are 
unlubricated, the safety of the physical plant, personnel, and rig equipment was a major factor in 
the cryogenic rig system design. 
Since the P&WC test facility is located indoors, a self-contained portable rig system was 
designed to ensure that test media leakage, if any, would be contained until it was ducted to the 
outside atmosphere. The portability of the rig was necessary, because the test program will be 
run in at least two segments which are spaced a year apart. 
C. TECHNICAL DESCRIPTION 
The test rig system, shown in Figures 14 through 16 consists of the cryogenic gear 
housing 0, the containment housing 0, the drive coupling 0, the support pedestal @ , the 
transition housing @ , and the drive system@ The circled numbers in the text correspond to 
the numbers in the illustrations for easy identification of the cryogenic t a t  rig parts. 
The test gears @ are mounted on the shaft in a cantilevered manner which permits easy 
visual inspection and replacement. The gear drive shafts @ are supported by two bearings. The 
bearing@ closest to the gear is a roller bearing; the other bearing@ is a duplex ball bearing, 
which is located away from the cryogenic media in an oil lubricated environment. 
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Figure 15. Containment Housing 
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The cryogenic media is separated fro the remaining sections of the rig by a carbon face 
seal @ . A series of Teflon'" washer s e a l s 6  is located forward of the carbon seal and the cavity 
in between acts as a buffer zone. This cavity is pressurized with gaseous helium at a higher 
pressure than the test media. This ensures that any leakage at the carbon seal will be into the 
cryogenic housing, thus preventing leakage of the teat media, which might be harmful, to other 
areas of the rig. 
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Figure 16. Containment Housing and Support Pedestal 
The front face of the gear housing @ also serves as a wall of the containment housing@. 
This arrangement eliminates the thermal mismatch and associated problems which would occur 
if the gear housing was mounted totally within the containment housing. This design also 
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permits the duplex ball bearings, which are not serviceable without removing the drive couplings 
and associated protective covers, to be oil lubricated. This substantially increases the life of the 
bearings. Without this feature, three bearings would be necessary to incorporate the oil 
lubricated axial support bearing scheme, because two bearings would be required to support the 
shaft in the gear housing. The roller bearings are serviceable through access cover 13 when the 
test gears are removed. The roller bearings are spaced slightly further apart in 8 t e horizontal 
plane than the ball bearings at  the ambient condition, and this results in the shafts being skewed. 
This feature ensures that the shafts will be parallel at  the cryogenic condition and thus 
dramatically improves bearing life. 
The dual function faceplate design also simplifies the sealing of the gear hous- 
ing/containment housing junction. Sealing is accomplished by a metal O-ring seal 14 which 
seals cavity @ from the inside of the containment housing, and a carbon face seal which 
seals the external portion of the rig from cavity @ and also seals the ball bearing lubricating oil 
from cavity 0. Cavity @ is vented to the vent stack and, thus, to the outside, so that any 
helium leakage would be routed to the outside atmosphere. Any test media leakage past the 
Teflon washer seals (due to a failure of both seal systems) would be routed to the outside 
atmosphere in a similar manner. 
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There are two coverplates @ on top of the gear housing just above the test gears, as 
depicted in Figure 15. These covers allow access to the gears for an add on lubricating system. 
This might consist of sacrificial lubricating gears or an injection device for a dry lubricant. The 
test gears are not actively lubricated. 
The cryogenic media, in this case gaseous hydrogen, enters the rig through line 0 , flows 
through the bearings, then cools the gears, and exits the gearbox through line @ . Both lines are 
routed through the wall of the containment housing by means of bulkhead fittings. Once outside 
of the containment housing, the lines are routed through a vent stack @ which goes through the 
roof of the building. The containment housing is designed with a collection pocket at  the top 
which is connected to the vent stack. Thus, in the unlikely event of media leakage from the 
plumbing lines or the rig, the media would be contained within the containment housing/vent 
stack system and routed to the outside atmosphere. Because of this system, the media supply 
tank can be located outside and as far from the test room as necessary. 
Helium is supplied to cavity 15 through line @ . The quantity of helium necessary is only 
hazard and the requirements are small, the supply tank may be located in the test room with 
proper ventilation. 
that which leaks past the seals, w 8 ich is expected to be small. Since the helium is not a fire 
A gas analyzer is located inside of the containment housing. Should any leakage occur from 
the plumbing or rig, the analyzer will detect it and alert the operator to shut off the media supply. 
The containment housing is mounted on a support pedestal@. The base of the pedestal is 
bolted to a concrete plinth in the floor. The.containment housing is joined to the support 
pedestal by r dovetail slide @ on a leveling plate @ . These features provide for alignment of 
the test rig and drive rig prior to the attachment of the flexible couplings. It also allows for 
disengagement of the rig for servicing without repeating the realignment process. 
A transition housing @ is located between the containment housing and the drive rig. The 
rear section of the transition housing serves as a collection sump for the ball bearing lubrication 
oil. The remainder of the housing consists of a split case which acts as a protective covering for 
the flexible coupling. 
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D. TECHNICAL DISCUSSION 
The design of the cryogenic adapted gear test rig system can be divided into two distinct 
efforts. These are the design of the cryogenic gear housing, and the containment housing and 
vent system. 
1. Cryogenic Gear Housing - Gears, Bearings, Shafts, and Seals 
The basis for loading the test gears ie the Four Square Loop principle, which is incorporated 
into the drive rig hardware. The loop is formed by two 1 to 1 ratio test gears which are connected 
to two 1 to 1 ratio slave gears by shafts. The cryogenic housing is simply an extension of the 
normal test gear compartment. 
One of the drive shafts is rotated relative to the other by means of the axial displacement of 
a sliding helically splined collar. Since the test gears are in mesh at the other end of this loop, a 
torque results. The torque is only within the loop, however, so the torque necessary to drive the 
shafts is only that required to overcome the friction of the gear meshes and support bearings. 
The baseline test gears were designed first and then the shaft was designed to accommodate 
the test gears. The design rationale was to make the test gears similar to the RLlO Bill-of- 
Material gears, so as not to introduce any erroneous factors. 
The shaft center distance in the gear rig is 4.000 inches and the test gears must be of equal 
pitch diameter to operate with the rig slave gears. Therefore, the test gear P.D. is set at 
4.000 inches. The tooth geometry of the test gears was chosen to be as much like the Bill-of- 
Material turbopump gears as possible. Since the gears must be the same P.D., the tooth curvature 
of the Bill-of-Material pinion cannot be duplicated. However, a similar range of sliding velocities 
can be obtained. The Bill-of-Material idler tooth has a modified tooth profile so one of the test 
gears is m M i e d  to the same extent. 
It is necessary to offset the nominal centers of the gear rig aft bearings so that the shafts 
will grow into alignment when the rig cools down. This will affect the gear operating center 
distance and, therefore, backlash and contact ratio. The test gear tooth thickness and length 
were adjusted so that the operating backlash and contact ratio will be the same as those of the 
RLlO. 
The test gear face width, rim thickness and web thickness are the same as the Bill-of- 
Material idler gear. Also provisions for balancing are the same as for the Bill-of-Material parts, 
as are the balance limits. Spherical identification marks are provided both at the teeth and 
mount splines to allow for duplicating the gear position after removal. The test gear material for 
the baseline test is AMS 6265. 
AMS 5671 (INCO X-750) was chosen as the material for the drive shafts. The shafts are 
sized to have an infinite life at a torque load of 2500 inch-pounds, which is the limit of the drive 
rig. Under these conditions the shaft has a safety factor of 1.37. The shaft critical speed analysis 
is described in Reference 15 (Refer to Appendix B). 
The test gears are mounted on the shafts by means of splines and are piloted at both ends. 
The end of the shaft adjacent to the gear has an immobilizing feature, which prevents rotation of 
the shaft while the gear retainer nut is removed. The gears are mounted on the cantilevered 
portion of the shaft to facilitate removal. 
The shafts are supported by a 40 mm roller bearing adjacent to the gear and a 40 mm duplex 
ball bearing at the other end. The roller bearing is currently used on the RLlO LOX pump shaft, 
23 
and the duplex ball bearing has been used in the F100. The maximum radial load is carried by the 
roller bearing; the coolant pressure thrust load is carried by the duplex ball bearing. In the event 
it became desirable to test helical gears in the rig, the resulting thrust load would also be carried 
by the duplex ball bearing. The duplex ball bearing, which is not easily replaceable, is mounted 
outside of the cryogenic compartment, so that it may be oil lubricated. Figure 17 shows the 
mounting of the bearings. 
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Figure 17. Mounting of RoUer and Duplex Ball Bearings 
The roller bearing is the more life-limited of the two, since it is unlubricated. Under average 
clearance conditions, the B1 bearing life is 135 hours at a torque load of 500 inch-pounds. It is 
not expected that the torque will exceed 500 inch-pounds for most of the testing. However, the 
B1 life at 10oO inch-pounds would be 19 hours. The roller bearings are cooled by gaseous 
hydrogen which enters the cavity just forward of the bearings and circulates aft through the 
bearing rollers. Figures 18 and 19 show the B1 life versus torque for the respective bearings. The 
bearing life and fit analysis is documented in Reference 16 (Refer to Appendix B). 
Access to the roller bearings is achieved by removing the test gears. The bearing outer 
diameter (OD) race has a loose fit with the housing bushing, and it is removed by a set of puller 
keys which are incorporated into the bushing. This also permits the insertion of puller fingers, at 
up to six circumferential locations, which grasp the bearing ID race on the far side, thus allowing 
removal of the inner diameter (ID) race. The clealsnce between the shaft shoulder and the 
bearing bushing is sized to prevent loose rollers from falling into the housing inner cavity should 
bearing failure occur. 
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Figure 18. RLlO Cryogenic Gear Test Rig Roller Bearing Life Versus Input Torque 
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Figure 19. RLlO Cryogenic Gear Test Rig Duplex BaU Bearing Life Versus Input Torque 
The duplex ball bearing supports and locates the shafts axially. In addition to the thrust 
loads on the bearing, which are the result of the axial pressure of the coolant and any resulting 
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loads from helical gears, a bearing preload is provided by a wave washer. The preload prevents 
skidding of the rollers and maintains an accurate axial location on the shaft. Additional axial 
loading would result if helical test gears were used rather than spur gears. 
It ia necessary to incorporate an antirotation scheme at both the roller and ball bearings. 
The bearing OD races must be initially loose to ensure an adequate internal radial clearance at 
operating conditione. The ball bearings are antirotated by a rectangular pin at the interface 
between the two bearings. The pin must be rectangular to prevent a tendency for separation if 
the bearings rotate. The roller bearings are antirotated by a round pin that fits into a slot in the 
bearing OD race. 
Each of the duplex ball bearings is oil lubricated by two nozzles, one forward and the other 
aft of the bearings. The used oil is collected at the base of the bearings and is drained into a 
sump. where it is collected and routed back to the supply system. The lubricant type and 
condition are described in 
bearings are unlubricated 
Figure 19. Figure 20 depicts the lubricant spray nozzles. The roller 
except for the lead plating contained in the cage. 
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Figure 20. Lubricant Spray 
\Duplex Ball 
Bearing 
Drain Holes 
Nozzles and Duplex Ball Bearings 
FD 302625 
The duplex ball bearings may be removed from the front end of the rig. A puller groove is 
provided for this purpose. However, the flexible couplings must be removed before the bearings 
can be reached. It was necessary to provide a spacer sleeve on the drive shaft to use the existing 
duplex ball bearing. 
Radial fits for parts mating with the drive shafts were determined through a computerized 
shell model, with the exception of the bearings, which were analyzed with a special bearing fit 
program (Reference 16, Appendix B). Fits for the gears, seal plates, and couplings were sized to 
be slightly tight under worst conditions. Axial fits were also analyzed with the shell model, and 
retainer nut torques were based on the fit analysis. 
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A hole was placed through the center of the shaft to facilitate instrumentation. It may be 
desirable to strain gage the gears, and in that event the leads would be routed through the shaft. 
Initially, the hole will not break through the front end of the shaft, since this creates a leakage 
path for the hydrogen. The hole wil l  be drilled through, once it is determined that strain gages 
are to be used. The area around the leads will have to be sealed. 
Another reason for the hole is to reduce the axial spring rate of the shaft, so more stretch 
can be obtained when torquing the retainer nuts. The hole size does not appreciably affect the 
bending strength of the shaft or the critical speed. 
Accurate balancing is essential to the successful and continued operation of the rig. Since 
the test gear shafts are skewed at ambient temperatures and the face seals are spring loaded, it is 
not possible to balance the rig as an assembled unit. An attempt to do so could result in damage 
to the bearings and overheating of the seals. Therefore, special consideration has been given to 
balancing of the detail parts. The test gears are single plane balanced to within 0.001 ounce-inch. 
The test gear drive shafts are balanced as a set, which includes the aft seal plate and nut, the 
forward seal plate, and the ball bearing ID sleeve. This set is dynamically balanced to within 
0.001 ounce-inch. The flexible coupling is balanced by the vendor, but features are included for 
the addition of balance weights should additional balancing be necessary. 
Leakage of the gaseous hydrogen to the forward wall of the containment housing is 
prevented by a triple seal arrangement. The rig housing cavity containing the gaseous hydrogen 
is sealed from the forward part of the rig by a carbon face seal. Forward of the carbon face seal is 
a series of four Teflon packings. The cavity between the carbon and Teflon seals is pressurized 
with helium to provide a protective dam against the hydrogen. Forward of the Teflon seals is 
another carbon face seal, which seals the roller bearing lubricating oil from the cryogenic 
housing. The cavity between the forward carbon face seal and Teflon seals forms a small void 
between the cryogenic gear housing and the faceplate, which is also a wall of the containment 
housing. The mating flanges of the cryogenic housing and faceplate are sealed by a metal O-ring 
seal. Therefore, any leakage past the Teflon seals is contained in the void. A drain plug is 
provided in the faceplate at the base of this cavity, so that any oil that might leak past the carbon 
seal can be drained from the cavity. A vent is provided for any leakage past the Teflon packing. 
The rear coverplate of the cryogenic housing is also sealed by a metal O-ring seal. In the 
event of a failure of this seal, the leaked media would still be held in the containment housing. 
The material of the cryogenic housing is AMs 5665 (INCO 600). This choice was made to 
reduce the thermal mismatch between the cryogenic housing and faceplate, and thus minimize 
the ambient misalignment of the drive shafts. The material of the housing coverplate is also 
AMS 5665. The coverplate is sized to withstand the bolt loads induced from seating of the flanges 
and O-ring seals. The cryogenic housing was evaluated to determine its containment capability in 
the event of a gear failure. It was assumed that the worst case would occur if the gear split in half. 
The kinetic energy of this mass, rotating at 28,000 rpm, was compared to energy absorption 
curves for airfoil containment of steel casings. These curves indicated a required thickness of 
0.07 inch. 
. 
The above value seemed rather thin for the application in question, so an alternate 
approach was investigated. The alternate approach assumed that a section of the gear rim would 
separate from the web, and that this section would be relatively straight, such that it would 
become a thin projectile. It was assumed that a section equivalent to one-sixth of the 
circumference of the rim would meet this requirement. 
The kinetic energy of this section was calculated, and based on the projectile’s behavior as a 
punch, a thickness was determined through which a hole having the cross section of the projectile 
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could be punched. This thickness was found to be 0.266 inch. Based on this value, a margin of 
safety of 2.45 results. 
a. Cryogenk Gear Housing - Ttnxmal Analysis 
The thermal analysis for the cryogenic housing, shafts, bearings, and seals is documented in 
References 17,18, and 19 (refer to Appendix B). Figure 21 shows the thermal model and breakup. 
The temperatures of the shafta and surrounding portions of the housing are determined by the 
heat generation from the bearings and seals. 
The carbon face seals are RLlO fuel pump Bill-of-Material seals. In the RLlO these seals 
are spring loaded to 11.0 pounds for the aft seal and 6.5 pounds for the forward seal. The thermal 
analysis in Reference 18 (Appendix B) is based on seal spring loads of approximately 6 pounds. If 
the aft seal spring assembly height were adjusted to obtain a 6 pound load, then the seal would 
not function properly due to insufficient axial land for the radial seal ring. This ring, shown in 
Figure 22, prevents axial leakage between the outer seal housing and inner carbon seal housing. 
To provide adequate axial land for the radial seal ring, a new inner carbon seal housing 
would be required, thus necessitating the procurement of a new seal. Seal load may be controlled 
by properly adjusting the helium pressure on the forward (high pressure) side of the seal. 
The maximum temperature of the shaft system is 6W"R and occurs at the point of contact 
of the seal plate and carbon seal, location 165 on Figure 21. The minimum shaft temperature is 
220"R and occurs at the aft end of the shaft at location 1. 
Since the cryogenic portion of the gear housing has an oval cross section, an additional heat 
transfer analysis was conducted to determine if a significant circumferential thermal gradient 
existed. The resulta of this analysis are documented in Reference 19 (Appendix B). The analysis 
shows that the maximum gradient of 61 degrees occurs at a location just outboard of the roller 
bearing sleeve (Reference Figure 23). 
b. Cryogenk Gear Housing - External Features 
The front faceplate of the cryogenic housing also serves as a wall of the containment 
housing. This has been discussed in the technical description and illustrated in Figures 14 and 
16. The faceplate also serves as the housing for the forward carbon seals and duplex ball bearings. 
The lubrication system for the ball bearings is mounted on the faceplate. 
The cryogenic housing and the faceplate are final machined as a set to minimize the effect 
of tolerances. Bearing and seal mount sleeves are either pinned or keyed to the housings, and the 
two housings are pinned together so that the proper orientation will be maintained in the event 
of disassembly. 
There are two access covers at the top of the cryogenic housing, just above the gears. These 
covers permit a quick visual inspection of the gears without removing the main access cover. 
Another purpose for the covers is to allow the installation of a lubrication system, such as a 
sacrificial lubricating gear or dry lubricant injection device, for the gears or a cooling system for 
the gear teeth. 
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Plumbing for the cryogenic housing consists of the gaseous hydrogen lines for cooling the 
rig and the gaseous helium lines for counteracting hydrogen leakage to the forward portions of 
the rig. Hydrogen enters the cryogenic housing through two lines at the bottom of the housing 
and exits through one line at the top after circulating through the bearings. The helium enters 
the housing through the top. There ia no exit line since the helium is intended to pressurize the 
cavity forward of the aft carbon seal, thus preventing hydrogen leakage. Any flow of helium will 
thus be in the form of leakage in the aft direction, past the aft carbon seal. 
FDA 302627 
Figure 22. Radial Seal Ring 
The cryogenic rig is connected to the drive rig by a set of flexible couplings. These couplings 
are the wafer type and the design and coupling are vendor furnished. The coupling is designed for 
operation at a maximum of 27,000 rpm under a maximum torque load of 1500 inch-pounds. 
The couplings must be disassembled while the cryogenic rig is being connected to the drive 
rig. The forward and aft flanges of the coupling are attached to the drive rig and cryogenic rig, 
respectively. After the two rigs have been aligned, the spool pieces of the coupling are positioned, 
and the cryogenic rig is moved forward on ita track until both flanges contact the spool pieces. 
The spool pieces and wafers are then bolted into place. 
c. Cryogenic Housing - Instrumentation 
The cryogenic housing is instrumented for temperatures, pressures, vibrations, and shaft 
position. dach roller bearing outer race has two thermocouples approximately 90 degrees apart, 
and each bearing housing bushing has two thermocouples approximately 90 degrees apart. The 
duplex ball bearings also have two thermocouples approximately 90 degrees apart on the bearing 
OD race. Also, the inlet and exit coolant temperatures are monitored, as well as the temperature 
of the case between the roller bearings. 
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Coolant inlet and exit pressures are measured at two locations. Each bearing housing 
bushing has two accelerometers, one horizontal and one vertical, for the measurement of bearing 
and gear vibrations. 
Shaft position is monitored at the forward end of the shaft by means of a horizontal and 
vertical proximity probe on each shaft. The probes are mounted adjacent to the aft flange of the 
flexible couplings, which are just forward of the duplex ball bearings. The portion of the coupling 
adjacent to the proximity probe is nickel plated to reduce electrical runout. 
2. Containment Housing - Basic Structure 
The containment housing is a box, approximately cubic in shape, of the proper dimensions 
to enclose the cryogenic gear housing, while leaving space for maintenance of plumbing and 
removal of gears. The function of the containment housing is to serve as a secondary enclosure in 
the event of leakage of gaa from the cryogenic rig or failure of the rig with an accompanying 
rupture of the cryogenic housing. Although the chance of Occurrence of either event is very 
remote, the added safety is necessary because the rig is being run indoors. 
Aluminum was chosen as the material for the containment homing to optimize the 
strength-to-weight ratio. A low weight is necessary to prevent low resonant frequencies in the 
housing support pedestal. The walla of the housing are 1.OOO inch thick except for the front wall, 
which mounts the cryogenic rig faceplate. 
The faceplate forms a part of the front wall, and the interface between the faceplate and the 
containment housing is sealed with a rubber 0 ring. The rear of the cryogenic housing is 
supported by two columns which are attached to the bottom of the containment housing. Shims 
are used to ensure that no load is transferred into the cryogenic housing when the housing is 
bolted to the columns. 
The containment housing has two access panels. One is located at the rear of the housing 
and is intended primarily to permit access to the cryogenic housing for the removal of gears and 
for replacement of the roller bearings. The other panel is at the top of the housing and is 
intended for access to the rig plumbing and the small access covers on the cryogenic housing. 
Rubber O-ring seals are used with all cover panels. 
a. containment Housing - support pedestsl and Mwnt System 
The containment housing is mounted on a support pedestal, which is anchored to the floor 
of the rig test facility. The outer wall of the pedestal is circular and is formed by welding together 
two 0.750-inch thick members of semicircular cross section. Additional axial stiffness is obtained 
by three circular columns that are located inside of the pedestal. The pedestal was sized to have a 
natural frequency above the maximum operating range of the rig. 
Access panels are provided around the outer wall of the pedestal, so that it can be filled with 
a damping medium, such as sand. The panels also facilitate maintenance of the pedestal by 
permitting access to the inside. The base of the pedestal is a circular plate 1.500 inches thick. 
This plate is welded to the pedestal outer wall. All pedestal materials are carbon steel. 
The pedestal is attached to the concrete floor of the rig test facility by 12 anchor bolts. 
Since it is necessary to remove and replace the rig system periodically, internally threaded 
anchor assemblies are mounted in the concrete floor, flush with its surface. The anchor bolts are 
installed in the anchor assemblies and the pedestal baseplate is secured by nuts on both sides. 
This feature provides an initial leveling of the pedestal and rig. Once the pedestal has been 
leveled and the nuts secured, the space between the pedestal baseplate and concrete floor is filled 
with grout. 
32 
. 
The rig containment housing is mounted to the support pedestal by means of a Gilman slide 
assembly. Once the containment housing and cryogenic rig have been properly aligned, the 
Gilman slide permits the housing and rig to be disengaged from the drive rig and the two moved 
apart. This is necessary for servicing of the rig. The rig can then be reconnected to the drive rig 
without additional alignment and adjustment. A screw is provided to aid in the backward and 
forward movement of the housing and rig. 
Adjustment of the rig in the horizontal plane is accomplished by leveling screws in the 
baseplate of the Gilman slide. The tracks of the Gilman slide are bolted to the baseplate, and the 
baseplate is leveled relative to the top plate of the pedestal. When proper adjustment in the 
horizontal plane has been achieved, the Gilman slide baseplate is bolted securely to the top plate 
of the pedestal. 
Vertical adjustment is accomplished by screws which position the Gilman slide baseplate 
prior to drilling holes for the hold-down bolta and again prior to the tightening of the hold-down 
bolts. 
b. Containment HouSing - E~demal Features 
Plumbing lines to the containment housing are required for the coolant, purge gases, and 
pressurization gases. The coolant, in this case gaseous hydrogen, requires an inlet and exit line. 
The coolant lines are routed from the cryogenic housing to bulkhead fittings in the wall of the 
containment housing. Fittings on the outside wall of the housing attach the remainder of the 
lines. The two coolant lines are enclosed in a vent pipe, which extends up through the roof of the 
test facility. The exit line may be vented to the atmosphere or connected to a burn stack. The 
inlet line is routed to the source of the cooling media once it is outside of the test facility. The 
vent stack serves to contain any leaked media in the event of a plumbing failure. There is a 
collection pocket in the @p plate of the containment housing. Any gases leaking from the 
cryogenic housing would rise to this high point. The collection pocket is connected to the vent 
stack by a tube which contains a valve for controlling flow to the vent stack. The valve provides 
for purging or pressurization of the containment housing as needed. 
The helium line enters the containment housing through a bulkhead fitting in the side. It is 
not necessary to route the helium line through the vent stack, since it does not present a 
potential environmental hazard with adequate ventilation. Only an inlet line is needed, since the 
helium is used to pressurize against hydrogen leakage, and the only flow will be that which leaks 
past the seals. 
c. Containment Housing - lnst~mentation 
The containment housing will be fitted with a gas analyzer, which will detect any leakage of 
hydrogen from the cryogenic housing. No other instrumentation has been specified for the 
containment housing, but any requirements identified in the future could be easily accommo- 
dated. In the event that instrumentation lines from the cryogenic housing must pass through the 
containment housing, care must be exercised to ensure the joints are leakproof. 
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merit, but made no specific recommendations. The study deals primarily with test candidates, 
failure modes, and also: 
Identified current gear operating conditions and gear parameters 
Discussed various failure modes and factors affecting gear life 
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Comments - This study, which has high value for cryogenic gear program, provides background 
information for the current study. 
2. Jobs 82-711-70708A, 70709A and 70710A. “Orbit Transfer Vehicle (OTV) Advanced 
Expander Cycle Engine Point Design Study, ” A. M. Palgon, December 4, 1980. 
Summary - The original O W  study job definea operating conditions and life requirements for 
turbopump gears and defines the gear packaging arrangement. 
Comments - This study has high value for cryogenic gear program and provides background 
information for current O W  gears. 
3. Shoemaker, Robert H., “Advance in Low Temperature Nitriding,” SAE Paper No. 750195, 
1975. 
Summary - This paper discusses low temperature (1077°F) liquid nitriding as a means of 
increasing wear and endurance properties. The paper claims liquid nitriding has high endurance 
values, wear resistance, and corrosion resistance, and is superior to caburizing and hardening, gas 
nitriding, and chrome plating. The average case depth is only 0.0005 in. 
Comments - Moderate value for cryogenic gears. Although nitriding may provide more wear 
resistant surfaces than carburizing, sulfurizing, etc., the increase is not of large magnitude, and 
the resulting case depth is only 0.0005 in. There are processes that offer more promising results. 
4. Seagler, D. L., “Separation of Gear Teeth in Approach and Recess, and the Likelihood of 
Corner Contact,” ASLE Transaction, VoL 19, No. 2, April, 1976. 
Summary - Thia publication discuesea tooth separation behavior, how it can relate to scoring, 
etc. through tip loading and how changing various parameters affects amount of separation. 
Comments - Moderate value for cryogenic gears. This is more valuable for fine tuning geometry, 
since it points out that tooth separation can still be very small even after relatively large 
increments of gear rotation, resulting in increased potential for scoring. 
5. Wilde, R. A., “Failure in Gears and Reluted Machine Components,” NBS Special Publication 
423, Mechunical Failure: Definition of the Problem, USGPO, 1976. 
Summary - This publication discusses various failure modes in oil lubricated gears, such as 
tooth breakage, wear, scoring, and pitting, defines failure mechanism and discusses which 
variables are involved; and discusses effects of surface roughness on pitting. 
Comments - High value for cryogenic gears. Although failure modes discussed are related to oil 
lubricated gears, the mechanics of deterioration and failure are similar to those of cryogenic 
gears, after the lubrication has failed. 
6. Y:, P. M., “Gear Failure Modes - Importance of Lubrication and Mechanics,” ASLE 
Reprint No. 75AM-SA-1. 
Summary - This publication is a broad discussion of gear lubrication and failure modes. It 
defines and discusses major modes of gear-tooth failure, such as scoring, pitting, plastic flow, and 
breakage. It discusses EHD and boundary lubrication of gear teeth and effect of gear 
displacement and motion on lubrication, and lists extensive references related to gear lubrication 
and durability. 
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Comments - High value for cryogenic gears. This is a good basic discussion of gear mechanics. 
Discussion is also related to oil lubricated gears but the general discussion of wear modes and 
friction also applies to nonlubricated gears. 
7. Grosberg, J., “A Critical Review of Gear Scoring Criteriu,” Wear, VoL 43, No. 1, May, 1977. 
Summary - Examines criteria for scoring probability. Several criteria relate load and sliding 
velocity while others discuss scoring criteria as related to temperature and power dissipated by 
friction. Scoring factors calculated by these criteria cannot be extrapolated outside of verified 
range. 
Comments - Moderate value for cryogenic gears. There is not much in the way of experimental 
results to support the scoring criterion which attempt to relate scoring to a function of load and 
velocity. 
8. Bartz, W. J. and Kwger ,  V., “Pitting Fatigue of Gears - Some Ideas on Appearance, 
Mechanism and Lubricant Influence,’’ Tribology International, October, 1973. 
Summary - This publication discussea pitting, appearance of pitted areas, mechanisms of 
pitting, factors which might influence pitting and influence of lubricants in reducing Hertzian 
pressure and pitting fatigue failures. 
Comments - High value for cryogenic gears. The intent of this paper is to evaluate the influence 
of lubricants on pitting, but the value for cryogenic gears is that the mechanism of pitting are 
discussed in detail and the appearance of pitting is described and supported by photographs. 
9. Bartz, W. J. and Krueger, V., "influence of Lubricants on the Pitting Fatigue of Gears,” 
Wear, VoL 35, No. 2, December, 1973. 
Summary - This paper discusses pitting, appearance of pitted areas, and influence of lubricant 
on pitting fatigue. Very similar to reference 8. 
Comments - High value for cryogenic gears. 
10. Drago, R. J., Fundamentals of Gear Design, Drive Systems Technology, Glen Mills, 
Pennsylvania, 1982. 
Summary - Textbook and gear design gives thorough development of equations for rolling and 
sliding motion of spur gear teeth. 
Comments - High value for cryogenic gears. This is a general gear textbook that develops the 
equations for spur gear sliding velocity, flash temperature, and other parameters. 
11. Hartmn, M. A., “Gears for Outer Space,” Machinery, August, 1959. 
Summary - This publicathn provides a general description of geometry, operating conditions, 
and requirements of lubricated rocket engine gears, and rudimentary discussion of primary gear 
stresses and evaluation procedures. Optimum values for spur gear design variables, such as tooth 
geometry and modification, hardness, bearing geometry, and lubrication are discussed. 
Comments - Moderate value for cryogenic gears. The discussion does not address nonlubricated 
gears nor does it go very deeply into gear mechanics. Material discussed is treated in more depth 
in the gear textbooks. 
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12. Source Book on Gear Design, Technology and Performance, ASM, 1980. 
Summary - Contains a collection of articles related to the various aspects of gear design, 
analysis, lubrication, manufacturing, etc. Several of the included articles are listed as separate 
references in this database. 
Comments - High value for cryogenic gears. This collection of papers does not address 
cryogenic gears but contains useful information on the general mechanics of gears. Some of the 
papers contained are used as other references in the technical database. 
13. Dudley, Darle W., Handbook of Practical Gear Design, McGraw Hill Book Co., New York, 
1984. 
Summary - Textbook on gear design manufacture and operation is a complete gear handbook 
which covers all aspects of gear design and fabrication and includes up to date developments in 
gear technology. 
Comments - High value for cryogenic gears. This complete gear textbook does not address 
cryogenic gears, but is valuable as a general reference on gears. This is the latest edition of the 
original publication. 
14. Dudley, Dark W., Handbook of Practical Gear Design, McGraw Hill Book Co., New York, 
1954. 
Summary - Textbook covering the same material as reference (13) but does not include new 
developments of the past 30 years. 
Comments - High value for cryogenic gears. This is the original publication. 
15. Computer Program P59704, Spur Gear and Involute Spline Tooth Design and Analysis, 
R. F. Zogbaum, 1983. 
Summary - Computer program for mesh design and analysis of spur gears. Calculates gear 
performance parameters, such as beam and contact stress, sliding velocity, tooth loads, and flash 
temperature. Also calculates tooth profile coordinates and plots tooth mesh profile, writes detail 
drawing data, and calculates tooth profile modification requirements. 
Comments - High value for cryogenic gears. Provides an easy means for calculating various gear 
performance parameters. A good tool for fine tuning geometry. 
16. Spotts, M. F., “Estimuting Dynamic Loads on Gear Teeth,” Machine Design, July, 1984. 
Summary - Presents a method for estimating dynamic loads and gear teeth. Loads due to profile 
errors are estimated from a mass/spring model that considers operating speed, tooth stiffness, 
and rotating mass of the meshing gears. 
e 
Comments - Moderate value for cryogenic gears. Model does not take into consideration 
individual tooth error or dynamic deflections of teeth. 
17. Tobler, R. L., “A Review of Antifriction Materials and Design for Cryogenic Environments,” 
Proceedings of Cryogenic Engineering Conference, August, 1979. 
Summary - This publication is a review of existing research. It includes a brief discussion of 
preliminary design considerations for reduced friction in cryogenic applications. Frictional 
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characteristics of bare metals, diffusion coatings, platings, laminar solids, and polymers are 
discussed. 
Comments - High value for cryogenic gears. A good summary of the available lubricants for 
cryogenic application. It does not contain a very wide range of experimental data. 
18. Wisander, D. W. and Johnson, R. L., “Wear and Friction in Liquid Nitrogen With Austenitic 
Stainless Steel Having Various Surface Coatings,” Advances in Cryogenic Engineering, VoL 
4, Plenum Press, New York, 1960, p .  71. . 
Summary - This publication reviews wear and friction properties of several surface treatments 
for type-304 stainless steel in liquid nitrogen. It includes diffusion coatings with nitrogen, sulfur, 
chromium and chromium electroplating, and also MoS,, PTFE, and PTFCE. Surface speed was 
2300 ft/min. LN, improved friction and wear properties by cooling the slider surfaces. 
Sulfurizing was the only one of the diffused coatings to produce a significant reduction in friction 
or wear. Chromized and chromium plated surfaces gave poor results. Resin bonded MoS, was 
effective for only about 1 minute. It was suggested that MoS,, thickness was not optimum for 
cyrogenic use. Fused PTFE and PTFCE gave effective lubrication for the entire one hour run. 
Coating thickness (0.010 was maximum studied) was a primary factor in PFTE/PTFCE 
coatings. It should be noted that the rider specimen (3/16 in. radius hemisphere) load was only 
1OOog. 
Comments - High value for cryogenic gears. Gives experimental results of various antifriction 
materials in cryogenic environmente. This is good background information, although the 
materials tested either showed no significant promise or were not suitable at gear load 
magnitudes. 
19. Wisander, D. W. and Johnson, R. L., ‘#Friction and Wear of Nine Selected Polymers With 
Various Fillers in Liquid Hydrogen, ” National Aeronautics and Space Administration, Lewis 
Research Center, Cleveland, Ohio, 1969. 
Summary - This publication reviews wear and friction properties of various polymers on 
17-4 PH stainless steel in liquid hydrogen. Data was obtained at a sliding velocity of 2300 ft/min 
with a lO0Og load on a 3/16 in. radius hemispherical rider specimen. 
Materials were evaluated which might have less tendency toward cold flow and thermal 
contraction than PTFE. Tables of mechanical properties of materials tested are included in 
report. A comparison of polymers without fillers and polymers with fillers was made. Results 
showed that addition of ETFE could reduce polymer wear. 
Comments - High value for cryogenic gears. It contains extensive test data on polymers. Good 
background information, but as in other tests these materials will probably not withstand gear 
type loads. Mechanical properties of test materials are included. 
20. Sliney, H. E., “Plasma-Sprayed, Self-Lubricated Coatings for Use from Cryogenic Tempera- 
tures to 87OoC,” NASA-TM-X-71198, National Aeronautics and Space Administration, 
Lewis Research Center, Cleveland, Ohio, 1975. 
Summary - This publication reviews NASA Lube PSlOl on self-aligning, plain cyclindrical 
bearings. PSlOl is a plasma sprayed lubricant containing silver, nichrome, calcium fluoride, and 
an oxidation protective glass. Tests were conducted at loads up to 5000 psi in nitrogen gas at 
-160”F, in vacuum at room temperature and in air at temperatures up to 1600°F. The oscillation 
rate of the bearing was 1 cycle/sec through a 15 degree arc. Frictional coefficients are stated to be 
less than 0.25 with low corresponding wear rates. 
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Comments - Moderate value for cryogenic gears. Application appears to be more suited for 
relatively low load and speed conditions. 
21. Breen, D. H., “Fundamental Aspects of Gear Strength Requirements, ” AGMA Publication 
229.1 7, November, 1974. 
Summary - Brief discussion of fundamentals of durability in carburized gears. 
Comments - Moderate value for cryogenic gears. Discusses fatigue of carburized gears. . 
22. AGMA Standard Design Procedure for Aircraft Engine and Power Take-Off Spur and Helical 
Gears, American Gear Manufactures Association, Arlington, Virginia. 
Summary - A design manual for spur and helical gears, which contains formulas to calculate 
stress, load, performance indexes, and performance parameters. It also addresses tolerances, 
allowances, materials, and treatments. 
Comments - High value for cryogenic gears. It is useful on the basis of basic design information. 
23. Coffin, Jr., L. F., “A Study of the Sliding of Metals With Particular Reference to 
Atmosphere, ” Lubrication Engineering, Janwry-February 1956, p .  50. 
Summary - This publication provides a detailed discussion on the wear mechanisms and sliding 
characteristics of a number of elemental couples. Frictional force and surface damage are 
investigated relative to the alloying tendency of the metals. The effect of gaseous atmosphere on 
local seizure and sliding characteristics was investigated and determined to be profound. 
It was determined that sliding without local welding occurred for couples which did not alloy, 
when tested in an inert environment. 
Comments - High value for cryogenic gears. This report provides the basics of wear 
mechanisms and supporting experimental data for a number of material combinations. It is very 
helpful in understanding the mechanics of wear of sliding materials. 
24. Butner, M. F., “PropeUant Lubrication Properties Investigation,” Defense Technical 
Information Center, Report AD 259143, 1961. 
Summary - This report reviews friction and wear characteristics of ball bearings and gears in 
various propellents including LH,, LO,, LN,, Hydrazine and RP-1. Gear materials tested 
included AISI 9310, Nitralloy and AISI 440-C, among others. 
An investigation was performed to determine the coefficients of friction of several rider materials 
on a 4404 test plate. Tests concluded that 9310 gave best results, in LH,, at loads up to 
1000 lb/in. for durations of one hour or less. 
Comments - Very high value for cryogenic gears. This is the only material which actually 
addresses the operation of gears in cryogenic H,. Test loads were high but duration was short and 
speeds were relatively slow. 
25. Afanusyev, V. F. and Karpinos, D. M., “Antifriction Properties of Boron Nitride During Dry 
Friction in Gaseous Media and at Low Temperatures, ” FTD HT 67, 348, AD 673 802, Foreign 
Technology Division, Wright-Patterson AFB, Ohio, 1967. 
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Summary - Friction and wear characteristics of boron nitride at low temperatures in air, AR, 
N,, and He are reviewed. The lubricant was  studied at temperatures ranging from 300°K to 73°K. 
Data was obtained for boron nitride specimens running against a stainless steel disk nitrided to a 
hardness of Rc 62. Testa were run at pressures up to 5.0 MN/M2 (725 psi) and at friction 
velocities up to 10.5 m/sec (2067.0 ft./min). 
The study concludes that wear and friction were considerably higher in the N, and inert gases 
than in air. This is thought to be due to the formation of film on the specimen surface when 
exposed to air. Wear began to increase rapidly beyond a pressure of 3.0 to 4.0 MN/M2 and was 
also found to increase as a temperature was reduced. Specimen temperature was found to 
increase substantially for specimens operating in gas at velocities above 3.0 m/sec. 
Comments - Limited value for cryogenic gears. The study shows that the coefficient of friction 
increases as temperature decreases and is rather high at 73K. The study does not specify at what 
conditions these values were obtained. The pressures applied to the specimens are also very low 
compared to those encountered in gear design. The report does not suggest how boron nitride 
might be applied for hardware applications. 
26. Wisander, D. W. and Johnson, R. L., “A Solid Film Lubricant Composition for Use at High 
Sliding Velocities in Liquid Nitrogen,” ASLE Annual Meeting, Cincinnati, Ohio, April, 1960. 
Summary - This publication reviews friction and wear characteristics of an experimental solid 
film lubricant containing PTFE, an epoxy resin, and lithium alumina - silicate. The lubricant 
was studied in liquid nitrogen at -320°F. Data was obtained at sliding velocities up 16,000 
ft/min. Tests were made with 3/16 in. radius hemispherical riders on flat plates with a load of 
1OOog. 
The experimental lubricant was formulated to have a coefficient of expansion approximating 
that of austenitic stainless steel. PTFE particles tend to spall from metal surfaces because of 
differences in thermal expansion. The lubricant was applied as a paste, cured at 200°F and 
finished machined to a thickness of 0.005 in. 
The endurance of the material was said to be superior to other coatings containing PTFE except 
for 0.010 in. thick fused PTFE. It was found that the best film adherence was obtained with the 
coatings of least thickness, but best endurance in sliding was with coatings having greatest 
thickness for PTFE coatings other than the experimental composition. 
The experimental coating failed at 9O00 ft/min with a 304 stainless rider. However, with a copper 
rider, specimens were run up to 16,000 ft/min, suggesting that heat dissipation capability was a 
major factor. 
It was determined that any hydrodynamic component due to the liquid nitrogen was insufficient 
to be considered as important. 
Comments - High value for cryogenic gears. The materials were tested at high sliding velocities, 
but loads were low compared to those of gear applications. Usage in gear applications may also be 
limited because the coating must be finish machined. 
27. Terauchi, Y., Nadano, H., and Kohno, M., “Effect of MoS, Film on Scoring Resistance of 
Gears,” ASME Paper 84-DET-59, 1984 
Summary - The effect of MoS, on balls and gears are reviewed. The paper presents equations 
for calculating flash temperature on gear teeth which have different heat transfer properties at 
the surface than at the core. 
A-a 
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Gears were coated with MoS, approximately 0.0004 in. thick and tested at various speeds and 
loads. The test gears were also lubricated with oil during the test. 
It was found that the flash temperature was very dependent on the thickness of the MoS, film 
and that increasing the film thickness resulted in a considerable rise in the flash temperature. 
This was found to be particularly true when the film thickness was smaller than the band length 
of the Hertzian contact zone. 
Results of tests showed that gears coated with MoS, had considerably improved resistance to 
scoring. 
Comments - High value for cryogenic gears. Results show that properly applied MoS, can 
reduce scoring of gears. 
28. El-Bayoumy, L. E., Akin, L. S., and Townsend, D. P., “An Investigation of the Transient 
Thermal Analysis of Spur Gears,” ASME Paper 84-DET-92. 
Summary - A method for calculating transient surface temperatures using a finite element 
computer model is presented. The program models one tooth of a gear and can be used with both 
steady-state and transient heat transfer coefficients. Temperatures are calculated at various 
points along the contact surfaces of the pinion tooth. Calculations are made with consideration 
given to cooling several locations on the gear tooth. 
Results of the model showed that the temperatures obtained using transient heat transfer 
coefficients were nearly the same as those obtained when using steady-state coefficients when 
only the loaded side of the tooth was cooled. Cooling the unloaded side of the tooth produced a 
dramatic reduction in temperature but cooling the top land was found to have little effect. The 
temperature rise along the recess portion of the tooth was found to be considerably less than that 
along the approach portion which would indicate an advantage in using recess action type gears 
to preclude scoring. 
Comments - Very high value for cryogenic gears. This method would permit calculation of gear 
tooth surface temperatures, and thus would be a valuable design tool. However, the computer 
program may not yet be available. 
29. Wang, C. C., “On Analytical Evalwtion of Gear Dynamic Factors Based on Rigid Body 
Dynamics, ” ASME Paper 84-DET-53, 1984. 
Summary - A proposal is made to improve the calculations for gear dynamic factor to include 
variations resulting from specific tooth error pattern, loading effects, inertial9 and other system- 
dependent characteristics. Most gear dynamic factors currently in use are dependent only on gear 
pitch line velocity and level of tooth accuracy. The method presented is based on the laws of 
mechanics for rigid bodies. 
The model is set up to accept dynamic transmission errors although a good approximation can be 
made by using static transmission errors. The transmission error functions are input for the 
entire gear and are extended to include a complete revolution of the lowest speed shaft. It is 
assumed that gear tooth contact is always maintained. 
The model has been computerized and the results of a number of cases are listed. 
Comments - Very high value for cryogenic gears. The model would be very useful for 
determining the vibratory characteristics of high speed gears. The availability of the computer 
program is not known. 
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30. Bowen, P. H., “Lubricant of Bearings and Gears in Aerospace Environmental Facilities, ’’ 
Defense Technical Information Center Report AD 411430, 1963. 
Summary - Study of lubricants for bearings, gimbal mounts and gears used in handling facilities 
for testing space vehicles. Various lubricants including MoS,-PTFE mixtures were evaluated as 
gear lubricants. Gears were lubricated using a sacrificial idler gear made of lubricant. 
A total of seven gear tests were run with one bearing totally unlubricated. Rotational speeds of 
the gears during the test were very low although loads and resultant stresses were high. Test 
temperatures ranged from -175°F to 300’F. The unlubricated gear was considered failed after 
five minutes. 
Comments - Moderate value for cyrogenic gears. Most of the tests were run at temperatures 
well above of those of interest for cryogenic gears. Also gears speeds were not representative of 
turbomachinery. The study would be useful for slow moving, highly loaded systems such as 
actuators and gimbals. 
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APPENDIX B 
CRYOGENIC GEAR TEST RIG DATA 
REFERENCE 15 
. To : C. a, Ouncrm 
From : F. E. Senesac 
Subject: Critical Speed Analysis - SSME 
Cryogenic Gear Test Rig 
Date: June 12, 1985 
Copy To: D. A. Lewis, J. Marshall, Group File 
Reference: 1) PWA Canada Report XOI 112 "Experimental 
Procedure - Gear Fatigue Rig" by D. S. 
Robinson, dated October 1, 1984. 
2) PWA Canada Report - "Spur Gear Fatigue 
Test Rig Critical Speed Analysis" by 
P. V. Sedran, dated March 15, 1982. 
Copy attached as Appendix I. 
PWA Canada Drawing EFD 51290 - Top 
Assembly for Gear Fatigue Rig 
fnsta llat ion. 
3)  
, 4 )  E11 85-712-5589 
INTRODUCTION: 
The system analyzed is shown in Figure 1; it consists of the 
PW-EDS gear test rig adapter, layout shown in Figure 2, 
coupled to the PWC gear fatigue test apparatus layout and 
schematic shown in Figures 3 and 4. 
The PWC gear fatigue test apparatus is driven by a hydraulic 
motor through a PT6-A34 gearbox, Ref. (1); pertinent 
critical speed analytical data are given in Ref. (2); copy 
attached as Appendix 1. 
For completeness an overall schematic of the PWC gear test 
rig is shown in Figure 5. 
SUMMARY 
Per Ref. (21 ,  copy attached as Appendix I, the PWC gear 
fatigue test apparatus has lateral and torsional critical 
speeds within the 0-27,000 RPM speed range. The addition of 
the PW-EDS Adapter Rig will lower the speed of some of these 
critical8 m d  introduce one new torsional critical speed. 
Critical speed data are summarized in Table I. 
-- 
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'Wafer'  f l ex ib l e  c o u p l i n g s  have 
qear f a t i g u e  r i g - a n d  t h e  PW-EDS 
. -  
been-assumed between t h e  PWC 
a d a p t e r  r i g  t o  isolate  
i a t e r a l  v i b r a t i o n  of t h e  two r ig s .  
T h i s  a n a l y s i s  i n d i c a t e s  t h e  a d d i t i o n  o f  t h e  gear box a d a p t e r  
r i g  d o e s  n o t  d e t r i m e n t a l l y  a f f e c t  t h e  dynamics of t h e  PWC 
g e a r  f a t i g u e  test r ig  and t h e  conc lus ions  o f  Ref. (11, see 
Appendix I,  a p p l y  t o  t h e  combined r ig  shown i n  F i g u r e  1. 
DISCUSSION 
The u s e  of ' w a f e r '  f l ex ib l e  coupl ings  between t h e  t w o  r igs  
w i l l  t e n d  t o  isolate l a t e r a l  v i b r a t i o n s :  t h e r e f o r e ,  t h e  
l a t e r a l  c r i t i ca l  speeds  o f  t h e  PWC gear f a t i g u e  test 
a p p a r a t u s ,  as c i t e d  i n  R e f .  (21, w e r e  assumed t o  be 
a p p l i c a b l e  t o  t h e  combined system shown i n  F i g u r e  1. I n  
a d d i t i o n ,  t h e  PW-EDS a d a p t e r  has l a te ra l  cri t ical  speeds  as  
shown i n  F i g u r e  6 ;  f o r  a n t i c i p a t e d  s p r i n g  rates, t h e  first 
c r i t i c a l  is above 120% o f  t h e  maximum desired o p e r a t i o n  
speed (30,000 RPM) . 
T o r s i o n a l  c r i t i c a l  speeds  were c a l c u l a t e d  u s i n g  a s i m p l i f i e d  
model, d e t a i l s  a re  con ta ined  i n  t h e  c a l c u l a t i o n ,  see Ref. 
( 4 ) .  I n  g e n e r a l ,  t h e  a d d i t i o n  of t h e  gear r i g  a d a p t e r  
lowers  t h e  speed  o f  some t o r s i o n a l  n a t u r a l  f r e q u e n c i e s ,  due 
t o  t h e  added i n e r t i a ,  and in t roduces  one new t o r s i o n a l  mode, 
w i t h i n  t h e  0-120% speed range, a t  23K RPM. The p r a c t i c a l  
s i g n i f i c a n c e  o f  t h i s  c r i t i c a l  w i l l  r e q u i r e  t e s t i n g  - t h e  
w o r s t  f o r e s e e a b l e  consequence would be a v o i d i n g  t e s t i n g  f o r  
a narrow speed r ange  a t  t h i s  c r i t i ca l  speed. 
Gear mesh e x c i t a t i o n  w i l l ,  i n  g e n e r a l ,  n o t  be a problem 
s i n c e  t h e i r  i n t e r f e r e n c e s  occur  a t  low s h a f t  speeds ,  under  
10 ,000  RPM - see F i g u r e  7 .  
Addi t iona l  i n fo rma t ion  i s  g iven  i n  Appendix I. 
Approved : 
D. K. M i l l s > € x k  . 4383 
S t r u c t u r e s  S t r u c t u r e s  
FES : rls  
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TABLE 1 
CRYOGENIC TEST R I G  
. 
LATERAL CR I T I C A L  SPEEDS 
CRTICAL SPEED 
15,750 (1) 
24,600 (1) 
25,200 (2) 
31,200 (2) 
37,700 (3) 
40,250 (2) 
42,200 (1) 
49,900 (3) 
. RPM 
TORS IONAL CR I T I CAL SPEEDS 
MODE CRITICAL SPEED 
CR I T  I CAL SPEED SUMMARY 
R PM 
4,900 
5,160 
19,400 
23 , 000 
59,000 
ROTOR S.E. 
PERCENT 
61 
52 
31 
32 
45 
21 
52 
24 
MODE DESCRIPTION 
BOTTOM SHAFT UNCOUPLED 
SYSTEM FUNDAMENTAL (4)  
SYSTEM 2nd MODE (4) 
SYSTEM 3rd MODE (4) 
SYSTEM 4th MODE (4) 
REFERENCE ( I ) ,  TABLE 2 - 
REFERENCE ( l ) ,  TABLE 1 - 
SEE APPENDIX I 
SEE APPENDIX I 
REFERENCE (4), Page 20 
ASSUMING THE GEARBOX INERTIA >> TEST RIG INERTIA 
ROTOR LOCAT ION 
REFER TO FIGURE 1 
PUC GEAR RIG-BDTTOM ROTOR 
n 
PWC GEAR RIG- TOP ROTOR 
I1 
PW-EDS ADAPTER RIG - BOTH ROTORS 
PUC GEAR RIG - TOP ROTOR 
PUC GEAR RIG - BOTTOn ROTOR 
PU-EDS ADAPTER RIG - 80TH ROTORS 
HIGHEST NODE LOCATION 
REFER TO FIGURE 1 
TORSION SHAFT 
DRIVE QUILL 
TORQUE METER SHAFT 
TOP ADAPTER SHAFT 
BOTTOM ADAPTER SHAFT 
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C R Y O G E N I C  G E A R  T E S T  R I G  A D A P T E R  
. 
BEARING SPRING R A T E  - L B / I N  
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FIGURE 6 
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CRYOGENIC GEAR RIG 
CAWBELL DIAGRAM 
TORS I ONAL CR I T I CALS 
7 a 2 L 7 0 ~ 1 c  2 3 4 5 6 1 8 9 1 C  7 
lo3 lo4 1( 
SPEED - R P M  
NOTES: (1) SYSTEM SCHEMATIC - FIGURE 1 
(2) MODE DEFINITION - TABLE 1 FIGURE 7 
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APPENDIX I 
Tcl nr. a. D o w n  
1. 
2. 
Intcoduction 
n i s  memo stzmarizes the r e su l t s  of l a t e r a l  and to r s iona l  critic.: spec: 
m a l y a i r  of the spur gear fa t igue  t e s t  rig, perfo-me4 as was r tver;e< by 
g u t i c  Structures .  The r ig .  designed by Plant  7 ?a: i l i t ics ,  i s  PCXC'S 
first gear f a t i w e  t e s t  rig. 
Conelmions 
The analyses have shown t h e  existence of several  l a t e r a l  and to r s iona l  
c r i t i c a l  spetCs witkur *.e a n n i n g  rmst. 
l eve l s  be mozitored to avoid .-ninp t he  r ia  a t  resonL?ce. x f  excessive 
l a t e r a l  vibrat ions o=C'Jr durrns ZeSting a t  par:icuhr &Fee&, o i l  filn 
d.nFe:s could be ir.tro5u:ed a t  t h e  (1 and 16 beaz:ngs, or f a t igue  t t s t i r . 5  
coulC*be dot.e a t  other selectee SpeeQs. 
I: i s  r e c o x . e ~ t t  hat vib:eti=.-. 
Tmtsional resonances w i l l  1 U d Y  occur a t  I c w  speeds which m w t  and 
be eas i ly  avoided. These speeCs dcpe.deat upon t!!e nurker of gee: 
tee th  on the s lave  or test gears and O U S t  be XeCalCilated (see see. 4) 
whenever the  r i p  is to be nm vith dl f fe rcTt  gears. 
3. b t e z a l  C r i t i c a l  Speed Analysis 
pig. I1 i l l u s t r a t e s  t?e rig's basic configuzation. It corrsists of t'e 
8hafu,-each carrying a t e s t  pea: at  one enC ~ 2 . a  s lave  geir a: tt,c 0:r.e: 
merhir.g so as t o  f o n  t c p  sF.65: :s 
to be drive3 through as a speed inc rease r ,  b:. ar. 
hydrAdiC motor. Tha vhick aI:eu 1% 
to a c t  as a tors ional  8prir.i applying a torqde preload t o  the t e s :  5 ~ 5 ~ ~ .  
A l l  the data prescrrzed in tk iS  SecZion vas obtained by running pro;::: sf' 
v i t h  geonetrical  models of tkt tap m~!  bot6- shaf t s  as input.  
j . l  Bearir.3 support and g e i r b x  
s t i f fxes s  para-etr:: *r- i icr  
rigs. 2 a>d 3 F:tsent pa rme t r i c  StuCits  shoving the e f f e c t  of b a r i n :  
supporz r t i f f n e s s  upon the  t o p  and b o t t o m  shaf: l a t e r a l  c r i t i c a l  spec i s .  
Fiq. 4 shows the e f f e c t  of Warbox r = i f f n e s r  upon the  too s h a f t  c r i t z c a '  . - 
rpeeds. 
the gearbox st%Zness 1s 3f the orde: of 1 x 10' l b f / i n .  
The berrlnq suppori s t i f fnes ses  are  r&ghly 5 x-105 lb f / in .  a?.< 
Ther t i c r e ,  a - 
total of th ree  c r i t i c a l s  are expected uithir. the  running range. 
c r i t i c a l  e x i s t s  close t o  the prOF3Std maxi%m speed of 3C,0@3 q m  sc iz 
M y  bc Mcessary t o  1im:r the  m ~ x m w .  s?ecC t o  28,000 r p .  
A f c i l r t k  
cantrl: 
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Tables a1 and (2 8 h o W  th. h t e r d  c r i t i c a l  8peeds an& their rode 
a a p e s  given the bar- .Upport urd gearbox s t i f f n e s s e s  indicated 
h v e .  Bearing rtrain ~ I 8 r g h S  are highest Ln the  81 and 116 bearings 
for the c r i t i c a l s  within the m i n g  range. 
found t o  be unacceptably U g h  during t es t ing ,  the response of  the top  
shaft can be reduced by oil film dunping of the 116 bearin?. Oil fik 
d u p i n g  of the I6 bearing .of #a bottom shaz t  w i l l  serve t o  reduce 
the vibra t ions  experienced the bottom s h a f t  a t  the f i r s t  critical. 
The response of th8 bot%- 8 h f t  4: the second c r i t i c a l  speed can be 
reduced b y - o i l  fr lm d r v i n q  a t  the #1 bearing. 
I f  v ibra t ion  leve ls  are 
. 
4. Torsioral  C r i t i c a l  Speed k u l y t i s  
The lowest tOrSiO#ml c r i t i c a l  Speeds of the r i g  were roughly estimate2 as 
follows. 
e r t b a u d  by ca lcu la t ing  the fixed-fixed c r i t i c a h  of t he  bottoer. shaft. 
This was done by solving the gmera: 6.8. f o r  the cofitinuour s h f z .  T9e :-. =.e 
lowest c r i t i c a l  with a Bid-SWn n d e ,  assming s u f f i c i e n t  back:< 
uncoigle the s h a f t s ,  w a s  estimated for each sha f t ,  as Y+&- a r 4 e  loxes: 
c r i t i c a l  with a mid-span ride assmi?g t o r s iom1  CoupiZng of the tvo s5af:s. 
For the +op sha f t ,  t!is was bone by lum~ing.fhe+lar  mxaents of Fnertia ir. 
three locations and constructing a ~ 1 1 t z G 3 u ~ e  for the s y s t u .  
bottam W f t ,  the ca lca la t ion  W s e m e d  by lumping polar  maneats of 
i ne r t i a  hi tu0 locat ions.  
Gear rerh exci ta t ion  should k avoided a t  these f req iene i4r ,  and a t  h&lf 
d w s e  frequensies. 
of t \e  98.: ro ta t iona l  speed ud t h e  nrtrber of gear 'reth. Thus, knowing 
t \e  rider of teeth, the speed torrrs?anbing t o  a resonant gear  mesh 
freFuerrcy to  be avoiCed can be four.&. 
resoranee a t  503 Pt given BO gear ter-h, a speed of 583 - 7.28 rps 
The lowest c r i t i c a l s  wit!! nodal loca t ions  a t  the gears wet. 
/-/-A 
For the 
A 8 V O f  t h e  analyses  is presentee overleaf. 
0 
The qear mesh excitation freqiaerrcy i s  s i w l y  *.e pro&-= 
t o r  u m p h ,  i n  orCer tc avcid 
80 
There are  eight of these c r i t i c a l  f r e g u e x i e s  4r.d so 
431.25 r p m  
must b. avoided. 
this calculat ion should be petior~ed t4 give e igh t  c r i t i c a l  r ; o  speeds foz e€=.:-. 
d i f f e ren t  nuaSer of gear t.Lt\ Wit!! which the r i g  it run. 
:n general. s ince these r p e d r  art re lat ively low, the resonances car. be easr::. 
avoided. 
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REFERENCE 16 
m o  m m  m o w  
ENSINEEBINC 11UISlON S O Y T I  
INTEBNlL COBBESPONOINCE 
E.M. BEUEBLT 
J. M I l S M l L L  
1. KMIEC 
J. BROWN 
The bearing liues and the f i t s  for the RL-10 CRYOGENIC GEAR TEST R16 
based on the final material selection and layout dimensions are giuen 
with the attached tables and graphs. 
1. 
2. 
3. 
4. 
5. 
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- BY: 
BEARING LlUES FOR THE MIN. AND MAH. IRC. 
BEARING COMPONENT FITS FOR OPERATING TEMPERATURES. 
ROLLER BEARIN6 LIFE U.S. INPUTTORQUE FOR AU6. IRC. 
DUPLEH BEARING LIFE U.S. INPUTTORQUE FOR AU6. IRC. 
ROLLER BEARING LIFE u.s. GEAR PRESSURE ANGLE FOR AUG. IRC. 
BLARING RAOli lL SPRING RATES FOR MIN., RUG., MAX. IRC. 
FIT RilOlAL AND TANGENTIAL STRESSES. 
OUPLEH BERRING BALL EXCURSION U.S. PRELOAD. 
TEST R16 LAqOUT WITH BEARING NUMBERS. 
BAS I C  BEAR I N6 0 IMENS I ONS. 
VU1 EREN 
APPROUED BY: 
B-20 
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WERWL CWCEFl:  BUERHUNC CEIR MOUNTED SI(AFT SVSTEM 
TI) CllclLl lME CIWNGE OF IEST CEIRS. 
Mull- R1101m LOR8 CARRlED BV AOLLER BEMlN6,  COOLANT 
MESsl i l lE  TWRUST L m  CRRRIED BV DUPLEH B a L  8EmIN6.  
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JUNE 14, 1985 
. 
BEARIN6 LIFE v,a. IRC 
H I f l I ~  I& 0.00068 0.00 1 77 0 001 11 
BEARING LIFE 1714 3,- 1 a- 
RdblloQlolIm 000161 0 00309 0 0 0 . ~ 0 ‘ ~  
BEARING‘ L I T E  107.0 4em. 1 a.sm-it 
IN ILRNIL  I I H I I L  C L E l I l N C E  ...,,.- I I C  I I N C I W  I) 
By: Y. E. Eren 
June 3, 1985 
. 
- eARTS nATERlAL TEne-oF FITS M C E  
HOUSING AM5665 -2 16.9 
0.R.-L I NER AHS5665 -2 19.6 +0.0005 +0.0020 
OUTER RACE AHS5630 -220.0 -0.0020 -0.00 10 
INNER RACE AHS5630 -2 15.4 +O.OO 1 1 +O.OO 17 
SHAFT AHS567 1 -2 12.0 
- PARTS nATERlAL IEtlkaE FITS N m  
HOUSING AHS5646 + 160.2 
0.R.-LINER AM5665 + 160.7 +O.OO 12 +0.0027 
INNER RACE PWA725 + 162.5 +0.00025 +0.00085 
1.R.-LINER AHS5665 + 163.6 +O.OOO 1 +O.OO 10 
SHAFT AHS567 1 + 165.6 
OUTER RACE PWA725 + 160.4 -0.0009 -0.0000 
(*I THE OUTER RACE LINER I.D. IS TO BE HACHINED AFTER IT 
IS ASSEHBLED. 
' I - "  Loose F i t  
"+" Tight F i t  
B-23 
JUNE 14, 1985 
INPUT TORQUE ...................... 500 IN-18s. 
6EAA PRESSURE ANGLE ......... - 25 DEGREES. 
C O O L l N l  PRESSURE.. ............ - 80 PSlA Man. 
TOTAL MISALIGNMENT ......... = 0.003 IN. MaH. 
SHAFT SPEED........................ - 27,000 R P M  Maw. 
 RADIAL................^.^........ 330.8 .......... 47.2...... .............. 7.7 
nHiAi-PRELono.................................................i 50.0 ................ 1so.o 
AHIAL-COOLANT.....67.8............................,.........,...... ................... 6 ~ , 8  
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* 
By: Y. E. Eren 
June 3, 1985 
0.00060 0.00 1 17 0.00 1 17 - f-4 =a@ 
0.00115 0.00243 0.00213 
m8#010 8w#o 30- 
INIEINIL m n m L  cmmmNcE......- imc (INCIIES) 
- 
SPIINC llrrS............................= LBSJIN. 
INPUT TOllUE ............................. 500 IN.-LIS. Mall. 
INPUT SPEEB..............................= 21,ooo nrM Mm. 
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By: V. E. Eren 
June 3, 1985 
. 
HOUS I M6 
0.R.-LINER -2,395.0 / -SS8.2 -22,566.0 / -5,259.9 
OUTER RACE 0.0 / 0.0 0.0 / 0.0 
INNER RACE -2,023.2 / -559.3 19,045.0 / 8,558.5 
SHAFT 
eARTS -- 
MI. / MIN. Man. / MIN. 
HOUSING 
O.R.-LIMER- -2,486.5 1-673.0 - 12,499.0 /-3,833.2 
OUTER RACE 0.0 / 0.0 0.0 / 0.0 
INNER RACE -4,027.9 / -6 1 1.6 25,348.0 / 8,2 10.4 
I .R.-L I MER - 14,360.0 / -527.3 19,776.0 / 2,670.1 
SHAFT 
THE OUTER RACE LINER I.D. I S  TO BE HACHINED AFTER IT 
IS ASSEHBLED. 
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CREGlNAL PAGE 1s 
OF POOR 0:IALITY 
V. E. EREN 
June 5,1985 
40 n 68 n 30 mm 
P I N  $047466 
B E I I I N C  0.D. ............... 2.677 1 In. 
B E I I I N C  1.1. ............................. 1 .5747 In, 
B E I I I N C  D W T M  ............. 0.~906 m 2 In. 
NUMBEI OF LLEMLN'TS ................. 16.0 
BOLL D I l M E T E I  ............. 0.3125 11. 
M m m n L :  nncts, mms.............. r ~ n 7 2 5  
CICE..... ........... I M S W 1  I f tee1 
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Y .  E, EREN 
June 5,1985 
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By: Y. E. Eren 
June 3, 1985 
B€ARIN6 DESlSN CRITERIA 
CHECK 
PnEL0lD. .................. = 
IRC.,.. ........... = 
MISILICNMENT ......... = 
Mall. SPEED.. ............ = 
PRESSURE INGLE ........ = 
CO8LlNT l l l l L  L00&.= 
150 U S .  . Nmmirrl 
0.00243 In. -IUS. 
4.003 lrcbet . Total 
21,000 EPM . Mar. 
25 IIEC. . Nmrirrl 
80 FSll. (61.8 18s.) - M.8. 
- 
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r u n  6 WHITNEY AIRCRAFT 
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REFERENCE 19 
To : Oick Duncan 
From: J.T. Elliott 
Subject: RL10 Gear Test Rig Housing Can Have a 61 Degree F 
Date: 17 July 1985 
cc : E.M. Beverly, J .  D. Doernbach. Y .  Eren, R.J. Ryberg 
Circumferential Tenperature Sradient 
References: 
1 .  RLl0 Gear Rig Design Review - 6/14/85. Recommendation of mounting the 
containnent housing and to check the housing’s temperature effects on 
gearbox alignnent. 
2 .  D.G. U.O..  T. Swartwout to y .  Eren, 5/17/85. Subject: RLI0 Gear Test Rig 
Shaft Temperatures Revised Using Fl00 Test Data. 
Sunnarv : 
The range of circunfsrential housing temperatures has been calculated as 
requested by Reference 1 .  The housing uas given a nodal networh, Figure 1 .  
The nodal tenperatures uere calculated and recorded in Table 1 .  The results o f  
this study uere conpared to the results of Reference 2 .  Table 2 shows the 
comparison. The critical area, according t o  Table 2 .  is at the HZ bearing. 
Results: 
1 .  Figure I shows the total node network for this study. 
2 .  Figure 2 shows the fluids outside the housing. 
3. Table 1 shows the nodal temperatures at steady state for this study. 
4. Table Z shows the temperature differences of this study and Reference 2 .  
These tenperature differences are the circumferential temperature 
gradients. 
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Scnc l u s i o  ns : 
1 .  A 61 degree F c i rcumferent ia l  temperature gradient IS along the HZ 
bearing. 
2 .  4 10 degree F c i rcunferent ia l  tenperature  gradient is along the 0 1 1  
bear i ng . 
0- 3 e y e  Approved By 
J . 1 .?El 1 io t t 
Mechanical Components L Systems 
Component Design Technology 
JTEinfk 
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